Two-dimensional polyacrylamide gel electrophoresis can be used to identify structural forms of RNA such as linear RNA, circular RNA, interlocked circles and lariats. The procedure is based upon the characteristic migration behaviour of the degradation products derived from the intact structures present already before the start of the experiment or formed during or after electrophoresis in the first dimension. After autoradiography to detect the positions of the radiolabeled RNA molecules, circles broken during electrophoresis of the first dimension give rise to horizontal lines touching the diagonal formed by linear RNAs at a point corresponding to the length of the RNA circle from which it was derived. Products derived from interlocked RNA circles by breakage after completion of the first dimension appear on a vertical line underneath the intact complex and consist of free RNA circles and their linear derivatives. Broken lariats give rise to two lines depending on the location of the break. Lariats with broken tails are present on a line to a position that corresponds to the length of their tail and that runs parallel to the diagonal formed by linear products. Lariats with a broken eye form a line running from the position of the intact product to the diagonal formed by the linear RNAs.
INTRODUCTION
A widely used technique to study the properties of nucleic acids is gel electrophoresis (1, 2, 3) . It is routinely applied to determine the molecular weights of linear DNA as well as RNA molecules. In both cases such measurements can be influenced by residual structure in the molecules. This is well known for single stranded RNA that can have extensive intramolecular basepairing influencing its behaviour during gel electrophoresis (4, 5) . More recently it was recognised that also linear duplex DNA molecules can display abnormal migration during electrophoresis due to the formation of cruciform structures or bends in the DNA (6, 7, 8) .
A much more dramatic effect on behaviour during electrophoresis is imposed on DNA and RNA molecules by the various topological structures these molecules can have. For instance DNA molecules consisting of the same number of basepairs can exist as linear, relaxed circular or circular molecules. The circular molecules can have supertwists each migrating differently during electrophoresis (9, 10, 3) . Their migration behaviour depends on the porosity of the gel type used. In low porosity gels the supertwisted DNA molecules run faster than llnears or relaxed circular molecules; in high porosity gels the linear molecules run in front of the two others. Thus, by varying the type of gel used the structural forms of the DNA can be readily resolved.
RNA molecules can also exist in various structures: circles, lariats and interlocked circles. These forms are always more retarded during electrophoresis than the corresponding linear molecules whatever the porosity of the gel used (11, 12, 13) . Here other techniques must be used to distinguish between the various RNA forms that can occur.
We have reported that during self-splicing of mitochondrial group 1 introns the three different RNA structures can be encountered among the products of the reaction (14, 17) . Especially the RNA products formed by degradation of circles, lariats and interlocked RNA circles display very typical patterns characteristic for each of the three RNA structures. Here we discuss how two dimensional polyacrylamide gel electrophoresis can be used to distinguish between RNA circles, lariats and interlocked RNA circles.
METHODS
The construction of the recombinant DNA clone containing the yeast mitochondrial aI3 intron, synthesis of run off RNA and conditions for selfsplicing were as described (14) . A recombinant DNA clone with a shortened intron version of the major late adenovirus gene (18) was used for run off RNA synthesis and the RNA was incubated in a nuclear extract from HeLa cells.
The RNA was deprotelnized for analysis by 2D electrophoresis. The RNA preparation containing the spliced products was a gift of R.A.L. Bovenberg, G.J.
Adema and P.D. Baas (Laboratory of Physiological Chemistry, State University
Utrecht, The Netherlands). 2D-polyacrylamide gel electrophoresis was carried out as follows: RNA samples were loaded on a vertical slabgel containing 90 mM Tris-borate pH 8.3, 2.5 mM Na.EDTA and 7.5 M urea. After completion of the first dimension and autoradiography to detect the labeled RNA species, the gel material surrounding the lane of interest was removed. The lane was transferred to a new glassplate precooled to -70°C. The gel readily freezes to this plate and this is mounted with spacers and a glass plate for pouring the second gel and electrophoresis is continued.
RESULTS
The group 1 intron aI3 present in the yeast mitochondrial gene coding for cytochrome oxidase subunit 1 is capable of excising itself from experimental precursor RNA in a process called self-splicing (14) . The mechanism of group 1 self-splicing has been elucidated by Cech and coworkers and the normal products formed are the ligated exons and the excised linear intron, the major part of which is converted in a second step into a circular form (15) .
In vitro self-splicing of yeast mitochondrial group 1 introns also results in formation of a number of abnormal products from side reactions (16, 17) .
Among these are RNA molecules with particular structures such as lariats and interlocked circles. We study these products and the reactions in which they are formed to investigate aspects of the group 1 self-splicing reaction mechanism in more detail. Sketches above the RNAs separated after completion of the ID represent the structure of the RNA products already characterised in earlier work (14) . The procedure for 2D-electrophoresis is described in Methods. Pointed arrows indicate the horizontal lines formed by broken circles; blunt arrows point to products derived from the interlocked RNA complex. The gel percentages are: ID 3.3% and 2D 6%.
To study the electrophoretic behavior of lariats in this system we have used the well characterised lariats resulting from splicing of precursor RNA derived from the adenovirus major late gene (18) . The intron lariat and the lariat intermediate still containing the 3'-exon, migrate more slowly in the second dimension and are found as expected above the diagonals formed by the linear products (Fig. 3, left panel) . Also in this case broken molecules display a characteristic pattern giving rise to a short diagonal line with an abrupt end originating from the original intact lariat (Fig. 3, right panel, blunt arrow). This diagonal can be explained by assuming that it arises from lariats with breaks in the tail already present before the start of the experiment. The intact eye of the lariat is the main element, responsible for the retardation during the electrophoresis, the tail having less influence.
Thus lariats with breaks in the tail remain present above the diagonal formed by the linear RNA products. Since the breaks occur randomly, these lariats form a diagonal by themselves, the exact migration behaviour being determined by the length of the remaining tail. Our finding that the intact lariat and the lariat intermediate that have the same eye but differ in the length of the tall are found on this same diagonal is in line with this interpretation. A break in the eye of the lariats converts them into Y shaped molecules with variable arms. These products are found on a line going from the intact lariats to the diagonal formed by linear RNAs (Fig. 3, right They behave as circles and the breakdown products give rise to a horizontal line (experiment not shown). Additional techniques must be used to distinguish circles from lariats in such cases (see discussion).
DISCUSSION
Work on RNA splicing has contributed to the knowledge that not only DNA but also RNA can occur in various structural forms: linear molecules, circular molecules, interlocked circles and lariats. These different RNA forms can be distinguished by gel electrophoresis techniques since circular molecules and lariats behave differently from linear RNAs when the porosity of the gel system used is varied: circles and lariats are much more retarded than linear RNAs in gels of increasing porosity (11) (12) (13) . This can be demonstrated very elegantly in two-dimensional gel electrophoresis experiments. Separation results in a diagonal interconnecting the linear RNAs, while circles, interlocked circles and lariats remain above this diagonal due to the more severe constraints exerted upon their migration in the second dimension (19) . 
